The cell of origin of hepatoblastoma (HB) in humans and mice is unknown; it is hypothesized to be a transformed hepatocyte, oval cell, or hepatic progenitor cell. In mice, current dogma is that HBs arise from preexisting hepatocellular neoplasms as a result of further neoplastic transformation. However, there is little evidence supporting this direct relationship. To better understand the relationship between hepatocellular carcinoma (HCC) and HB and determine molecular similarities between mouse and human HB, global gene expression analysis and targeted mutation analysis were performed using HB, HCC, and adjacent liver from the same animals in a recent National Toxicology Program bioassay. There were significant differences in Hras and Ctnnb1 mutation spectra, and by microarray, HBs showed dysregulation of embryonic development, stem cell pluripotency, and genomic imprinting compared to HCC. Meta-analysis showed similarities between HB, early mouse embryonic liver, and hepatocyte-derived stem/progenitor cells compared to HCC. Our data show that there are striking differences between HB and HCC and suggest that HB is a significantly different entity that may arise from a hepatic precursor cell. Furthermore, mouse HB is similar to the human disease at the pathway level and therefore is likely a relevant model for evaluating human cancer hazard.
INTRODUCTION
In mice, hepatoblastoma (HB) is a poorly differentiated, primitive, embryonal hepatocellular neoplasm that is often associated with preexisting hepatocellular adenomas (HCAs) or hepatocellular carcinomas (HCCs). They have a relatively late onset, occurring mainly in aged mice, and an increased incidence of HB has been associated with exposure to a number of chemicals in the National Toxicology Program (NTP 1998 (NTP , 1999 (NTP , 2000 (NTP , 2013 carcinogenesis bioassay, including compounds such as oxazepam, diethanolamine, methyleugenol, and Gingko biloba extract, among others. In B6C3F1 mice, the background rate of spontaneous HB in vehicle controls is low, with an average incidence of 4.86% (34/700) in males and 0.57% (4/698) in females (NTP historical controls, all routes, and vehicles; NTP 2014) . The cell of origin of this tumor remains unknown, but since a large number of HB appears to arise in association with preexisting HCA or HCC, it has historically been thought that mouse HBs are a more malignant The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.
The author(s) received no financial support for the research, authorship, and/or publication of this article. variant of a hepatocellular tumor and represents a later stage in the progression of hepatocellular malignancy (Diwan, Ward, and Rice 1989; Turusov et al. 2002) . However, there is little scientific evidence to support a direct relationship between these 2 very different tumor types. While HBs do arise later in the course of disease, significant differences in biologic behavior to support HB as a more malignant form of hepatocellular tumors have not been shown, for example, the rate of lung metastases is similar between HB and HCC (23.6% and 23%, HB and HCC, respectively; Turusov et al. 2002) . In addition, HBs are morphologically markedly different from their hepatocellular counterparts (Turusov et al. 2002) , which do not support a progression of malignancy but rather suggest that these tumors are a distinct and separate entity. HBs have a more primitive phenotype with morphologic features of palisading of poorly differentiated cells with elongated deeply basophilic, hyperchromatin nuclei, and scant eosinophilic cytoplasm; many of which may be considered reminiscent of a progenitor cell phenotype, as opposed to a distinct hepatocellular phenotype in HCC. Therefore, it is possible that HBs represent a distinct tumor type, which arises late in the course of the disease as a result of additional molecular events within the hepatic milieu that may result in transformation of a stem or multipotent progenitor cell in the liver.
The relevance of mouse HB in human hazard identification has also been a topic of great debate. Due to differences in biology between mice and humans, the use of mouse HB and other liver tumors to inform on human cancer hazard and risk has been controversial (Grisham 1997; Maronpot, Flake, and Huff 2004) . In humans, HBs are predominantly observed in young children below the age of 5 years and are exceptionally rare in adults (Cruz et al. 2013; Spector and Birch 2012) . In contrast, HB in mice occurs in aged animals, most often late in the course of hepatic neoplasia (Chhabra et al. 1992) . HBs in the mouse most often arise in association with other hepatocellular tumors (Turusov et al. 2002) ; in contrast, human HBs are always solitary tumors unassociated with preexisting hepatocellular neoplasia and are thought to arise primarily de novo from hepatoblast remnants of the embryonic liver (Lack, Neave, and Vawter 1982; Turusov et al. 2002; von Schweinitz 2012) . These tumors are commonly associated with chemical exposure in mice and have been reported in children from mothers exposed to certain chemicals (Buckley et al. 1989 ). HBs in mice and humans share primitive, poorly differentiated morphologic features; they are predominant in males of both species and have a similar metastatic rate (Turusov et al. 2002) ; however, while tumors in both species most commonly metastasize to the lungs (Herzog, Andrassy, and Eftekhari 2000; Turusov et al. 2002) , other less common metastatic sites include the central nervous system and bone in humans (Herzog, Andrassy, and Eftekhari 2000) and lymph nodes in the mouse (Turusov et al. 2002) . In humans, HBs are thought to develop from the transformation of hepatic stem cells (hepatoblasts) through impairment of the normal hepatic differentiation program, including alterations in oncogenic Wnt/b-catenin activation and genetic alterations such as 2p and 8q chromosomal gains (Armengol et al. 2011) . Molecularly, human and mouse HBs both harbor mutations in Ctnnb1 (Anna et al. 2000; Cairo et al. 2008 ), suggesting that underlying molecular changes are at least in some ways similar.
There are a number of critical questions that need to be answered regarding HBs in mice and their relationship to HCC. First, as a common model for exposure-related carcinogenicity, it is important to understand the relevance of HB in the B6C3F1 mouse in the context of HCC resulting from carcinogen exposure. If these tumors are genetically related, then an increased incidence of HB associated with HCC would suggest a progression of malignancy. If unrelated genetically, then this would suggest that HB is an independent neoplastic population resulting from ongoing genetic selection within the hepatic microenvironment, potentially targeting a multipotent hepatic stem cell. Secondly, it is critical to further understand the relevance of HB in the B6C3F1 mouse to humans in hazard identification. If these tumors are similar in humans and mice in terms of their global gene expression, then despite their differences in clinical course, an increased incidence of HB as a result of chemical exposure would provide stronger evidence that such an exposure may pose a cancer risk in humans. Given these unanswered questions, the aim of this study was to compare concurrent HB and HCC to identify relationships in global gene expression and mutation spectra of common hepatic cancer genes (Ctnnb1 and Hras) that would (1) provide an insight on the origin of HB tumors and (2) examine the relevance of B6C3F1 HB to human HB.
MATERIALS AND METHODS

Sample Selection, Laser Capture Microdissection (LCM), RNA Isolation, and Amplification
All tissues used in this study were from animals in a single NTP chronic bioassay (bromodichloroacetic acid [BDCA], TR-583). The NTP conducts its studies in compliance with its laboratory health and safety guidelines and Food and Drug Administration Good Laboratory Practice Regulations and must meet or exceed all applicable federal, state, and local health and safety regulations. Animal care and use in this bioassay were in accordance with the Public Health Service Policy on Humane Care and Use of Animals. Samples containing HB, adjacent HCC, and associated normal (AN) liver in the same section were identified histologically in formalin-fixed, paraffin-embedded (FFPE) sections ( Figure 1 ). Frozen samples collected from the liver of animals that corresponded to these FFPE tissues were used for RNA isolation. These frozen tissues were collected from the NTP frozen tissue repository, embedded in optimum cutting temperature freezing media, and cryosectioned for LCM in order to obtain each cell population (HB, HCC, and AN) for analysis. HB (n ¼ 6), adjacent HCC (n ¼ 6), and associated AN liver (n ¼ 6) were laser microdissected from 2 to 5 serial 8-m cryosections for microarray analysis (Figure 1) using MMI CellCut Plus 1 (Molecular Machines and Industries Inc., Zurich, Switzerland). Total RNA from microdissected tissue was extracted with the Vol. 43, No. 8, 2015 TRANSCRIPTOMICS OF MOUSE HB AND HCC 1115
Arcturus PicoPure 1 RNA isolation kit (Life Technologies, Carlsbad, CA) by using the manufacturer's protocol. RNA integrity was analyzed with an Agilent 2100 Bioanalyzer RNA Pico assay (Agilent Technologies, Santa Clara, CA).
Mutation Analysis
Regions of the mouse Ctnnb1 (exons 2 and 3) and Hras (codon 61) gene sequences prone to mutation (''hot spot'' regions) that are orthologous in humans were analyzed in all samples. Analysis was performed using complementary DNA (cDNA) generated from the above LCM samples as well as FFPE HB (n ¼ 30) and adjacent HCC (n ¼ 30) samples from the same bioassay (BDCA, TR583). The polymerase chain reaction (PCR) primers and procedures used to amplify the hot spot regions of Ctnnb1 and Hras were described previously (Hoenerhoff et al. 2013) . HB and adjacent HCC samples were obtained by LCM on deparaffinized, stained, and dehydrated FFPE sections. DNA was extracted from microdissected tissue with Arcturus PicoPure 1 DNA extraction kit (Life Technologies, Carlsbad, CA) and DNA concentration was measured using Qubit 1 2.0 Fluorometer and Qubit double-stranded DNA high-sensitivity assay (Life Technologies, Carlsbad, CA). Gene amplification reactions were performed by regular PCR; controls lacking template DNA were run with all sets of reactions. PCR-amplified products were purified using a QIAquick Gel extraction kit (Qiagen, Valencia, CA). The purified PCR products were cycled with Terminal Ready Reaction Mix-Big Dye (Perkin Elmer, Foster City, CA), and the extension products were purified with DyeEx 2.0 Spin kit (Qiagen). The lyophilized PCR products were sequenced with an automatic sequencer (Perkin-Elmer ABI Model 3100).
Microarray Hybridizations
Gene expression analysis was conducted on laser capture microdissected HB (n ¼ 6), HCC (n ¼ 6), and adjacent nontumor liver (AN; n ¼ 6) samples using Affymetrix Mouse FIGURE 1.-Tissue collection protocol for obtaining hepatoblastoma, hepatocellular carcinoma, and associated normal liver for each sample, using laser capture microdissection. 1116 BHUSARI ET AL. TOXICOLOGIC PATHOLOGY Genome 430 2.0 GeneChip 1 arrays (Affymetrix, Santa Clara, CA). Total RNA (10 ng) was amplified as directed in the WT-Ovation Pico RNA Amplification System protocol and labeled with biotin following the Encore Biotin Module. Amplified biotin-aRNAs (5 mg) were fragmented and hybridized to each array for 18 hr at 45 C in a rotating hybridization. Array slides were stained with streptavidin/phycoerythrin utilizing a doubleantibody staining procedure and then washed for antibody amplification following manufacturer's protocol. Arrays were scanned in an Affymetrix Scanner 3000 and data were obtained using the GeneChip 1 Command Console Software (AGCC; version 1.1) using the MAS5 algorithm to generate .CHP files.
Data Processing and Identification of Differentially Expressed Genes (DEGs)
Data processing and identification of DEGs were done as previously described (Hoenerhoff et al. 2011; Pandiri et al. 2012) . Briefly, array fluorescent pixel intensity measurements were acquired and gene expression data were normalized across all samples using the robust multiarray analysis (RMA) methodology (Irizarry et al. 2003) . Using RMA-normalized data, for each probe set, pairwise comparisons (AN vs. HB and AN vs. HCC) were made using a bootstrap t-test while controlling the mixed directional false discovery rate (mdFDR; Guo, Sarkar, and Peddada 2010) . This methodology controls for the overall FDRs for multiple comparisons as well as directional errors when declaring a gene to be upregulated or downregulated. The mdFDR threshold was set at 5%. Microarray data files (.cel) and associated annotations have been submitted to the gene expression omnibus (GEO) database: GSE67316.
Bioinformatics Analyses
Partek Genomics Suite, version 6.6 (release date June, 2012; Partek, St. Louis, MO), was used to perform principal component analysis (PCA) on the normalized data and to generate heat maps to compare samples for differentially expressed probe sets. PCA uses a linear transformation to find orthogonal variables (principal components [PCs] ) that describe the variability in the data. The first 3 PCs that capture the majority of the variation in the data were used to visualize the spatial relationship of the HB, HCC, and AN samples.
Ingenuity pathway analysis (IPA) 9.0 (www.ingenuity.com), application build-220217, version-16542223, was used to evaluate the most statistically significant overrepresented canonical pathways. These canonical pathways are based on the ingenuity knowledge base. The significant biological canonical pathways were derived from IPA and the statistical significance was set at p < .05 (Fisher's exact test).
The NextBio tool (www.nextbio.com) was used to compare the transcriptomic data sets of mouse HB tumor to most similar human and rodent transcriptomic data sets and evaluate pathway enrichment in both systems. NextBio is a curated and correlated repository of experimental data derived from an extensive set of public sources (e.g., ArrayExpress and GEO) that allows the user to compare patterns of gene expression in their experiment to thousands of published transcriptomic data sets. The statistical approach used by NextBio is analogous to gene set enrichment analysis (Kupershmidt et al. 2010; Subramanian et al. 2005) . NextBio software was utilized to compare the differential transcriptomic changes (biogroups) common to human tumors curated by NextBio and mouse HB and HCC tumors.
Quantitative Real-time PCR
RNA extraction and amplification were performed using Ovation Pico WTA System V2 (NuGEN, San Carlos, CA) following manufacturer's recommendation. Total RNA (10 ng) was amplified using Ovation Pico WTA System and resulted in 6 mg of amplified cDNA. Relative quantitative gene expression levels were detected using real-time PCR with the ABI PRISM 7900HT Sequence Detection System (Life Technologies, Grand Island, NY) using synergy brands (SYBR) green methodology. Primers were designed using Primer3Plus software (Rozen and Skaletsky 2000) to span exon-exon junctions with an annealing temperature of 60 C and amplification size of less than 150 bp. Briefly, 25 ng of cDNA were added to a 25-mL PCR reaction to get a final concentration of 1.00 ng/ mL of cDNA. Forward and reverse primer final concentrations were 100 nM in the SYBR green assay. The reactions were performed using the Power SYBR 1 Green PCR Master Mix (Life Technologies, Grand Island, NY). 18S was chosen as the endogenous control gene in our quantitative PCR (qPCR) experiments. Relative quantification of gene expression changes was recorded after normalizing for 18S expression computed by using the 2 ÀDDCT method (user manual #2; ABI Prism 7700 SDS).
Immunohistochemistry (IHC)
IHC was performed on unstained FFPE sections of 3 samples containing HCC and HB using an avidin-biotin peroxidase system (Vectastain Elite ABC kit; Vector Laboratories, Burlingame, CA) according to the manufacturer's protocol. Proteins for IHC analysis were selected based on differential gene expression between HB and HCC from the microarray data as well as the role of these proteins in HCC and HB development. The 5 mm sections were collected on charged glass slides and were deparaffinized in xylene and rehydrated through a decreasing graded ethanol series. Following antigen retrieval and blocking of endogenous peroxidases, primary antibody was applied. These included hepatocyte nuclear factor-4a (HNF4a [H-171], 1:250, rabbit polyclonal; Santa Cruz Biotechnology Inc., Santa Cruz, CA), cMYC (cMYC [AB32072], 1:75, rabbit polyclonal; Abcam Inc., Cambridge, MA), b-catenin (CTNNB1 [H-102], 1:750, rabbit polyclonal; Santa Cruz Biotechnology Inc.), and CYP2E1 ([AB1252] 1:1000, rabbit polyclonal; Millipore, Billerica, MA). Sections were incubated with avidin-biotin-peroxidase complex (Vector Laboratories), and 3,3-diaminobenzidine was used to visualize all immune reactions. Positive controls included tissues known to exhibit positive expression of proteins of interest. Negative controls Vol. 43, No. 8, 2015 TRANSCRIPTOMICS OF MOUSE HB AND HCC 1117 received the antisera from the same animal species as the source of the secondary antibody.
RESULTS
HB and HCC from B6C3F1 Mice Do Not Share Common Mutations in Hras and Ctnnb1
Regions of the mouse Ctnnb1 and Hras gene sequences prone to mutation (hot spot regions) which correspond to orthologous regions in humans were analyzed in all samples. We hypothesized that if HCC is a precursor lesion of HB, then these mutations found HCC should be preserved in HB during the course of neoplastic transformation and progression. Overall, the rates of Hras (5.5% and 11%) and Ctnnb1 (19% and 8.3%) mutation were relatively comparable, respectively, between HB and HCC in these samples (Table 1) . Of the 36 tumor samples containing both HB and adjacent HCC (6 frozen and 30 FFPE), 11 samples harbored one or more mutations in at least one tumor type ( Table 2) . Two of these 11 samples harbored mutations in both HB and HCC, but only 1 sample contained a shared mutation. A TCT ! TTT transition in codon 37 of the Ctnnb1 gene was observed in both HCC and HB from 1 sample. Mutations were not observed in AN liver.
HB Is Markedly Different from HCC Based on Global Gene Expression
Comparisons between global gene expression of laser capture microdissected HB, HCC, and adjacent normal liver (AN) from the same individual animals were made in order to isolate gene expression changes common and different between HB and HCC in the context of AN liver in exposed animals. This comparison was designed to minimize background chemical effect on the adjacent normal liver and tumor samples, in order to identify alterations more specific to tumorigenesis in the absence of chemical effect. While some chemical effects on tumor biology may remain at play after this comparison, this method was the most stringent to control for chemical effect while identifying significantly altered genes associated with tumorigenesis between HB and HCC. Results indicated 10,346 DEGs in HB compared to AN liver (mdFDR < 5%). In HCC, there were 1,087 genes differentially expressed (mdFDR < 5%) compared to AN liver. PCA based on all interrogated probe sets showed distinct tight clustering of HBs from HCC and AN liver (Figure 2 ), suggesting that there is marked variance in global gene expression that segregates HB from HCC and AN. Similarly, unsupervised hierarchical cluster analysis of DEGs segregated HB from HCC and AN (Figure 3 ).
Overrepresented Pathways in Mouse HB Include Embryonic Development and Genomic Imprinting Compared to Normal Liver IPA was performed to identify altered pathways in HB compared to AN liver. Genes targeted by Wnt/Ctnnb1 pathway signaling were altered in HB, including upregulation of various Wnt-signaling genes (Wnt9a, Wnt10a, and Wnt 7a), genes Historical incidence unavailable. c Historical incidence of Hras mutations in spontaneous hepatocellular carcinomas in B6C3F1/N mice in NTP studies (Sills et al. 1999; Maronpot et al. 1995). d Historical incidence of Ctnnb1 mutations in spontaneous hepatocellular carcinomas in B6C3F1/N mice in NTP studies (Hayashi et al., 2003) . TABLE 2.-Hras and Ctnnb1 mutation spectrum in HB and HCC in BDCA-exposed B6C3F1/N mice.
Hras Ctnnb1
Animal no. HB HCC HB HCC . Secondly, there was significant upregulation of a number of genes involved in genomic imprinting (Igf2, Peg1, Peg10, Bex1, Meg3, H19, and Ndn), which are normally expressed only in fetal liver. Finally, genes involved in embryonic stem cell pluripotency (T, Bmp4, Fzd6, Fzd10, and Nog) and stem cell-related target genes (Sox9, Tbx3, Suz12, Zfp42, Gata4, Fzd4, and Fzd8) were differentially expressed, consistent with the expression of hepatic stem/progenitor cell pathways (Table 3) .
HBs Show Overrepresentation of Pathways Associated with Carcinogenesis and Stem/Progenitor Cell Signaling Compared to HCC
Results of IPA indicated overrepresentation of a number of biologic functions shared between HCC and HB, including cancer and cellular movement, and also identified differentially altered pathways involving protein synthesis, metabolic disease, and developmental disorders ( Figure 4A ). Overrepresented canonical pathways related to carcinogenesis in HB compared to HCC included EIF2 signaling, cell cycle control of chromosome replication, NRF2-mediated oxidative stress response, basal cell carcinoma signaling, and mTOR signaling ( Figure 4B ). Finally, there were a number of stem cell/developmental regulation pathways represented in HB compared to HCC, including Ephrin B signaling, mouse and human embryonic stem cell pluripotency, DNA methylation and transcriptional repression signaling, and sonic hedgehog (Shh) and NANOG signaling ( Figure 4C ). Select genes that were differentially expressed between HB and HCC were validated using qPCR (Figure 5A and B) and IHC ( Figure 6 ). Targets for qPCR analysis included those genes observed as significantly differentially expressed between HB and HCC on microarray analysis, observed as related to genomic imprinting (Igf2, Meg3, and Bex1), Ctnnb1/Wnt mediators (Axin2, Lef1, Wnt6, Wif1, and Wnt10a), hepatic genes (Cyp2E1, Cyp1A2, and Hnf4a), and stem cell-related genes (cMyc, Lrg5, Tbx3, Id1, and T [brachury]). Those proteins selected for IHC validation of microarray results were chosen based on differential gene expression on microarray and roles in hepatic tumorigenesis (CTNNB1, cMYC, HNF4a, and CYP2E1). Results of IHC (labeling intensity, localization, and distribution) were consistent between the 3 different samples for each antibody; all 3 samples showed strong nuclear and cytoplasmic immunoreactivity to CTTNB1 in mouse HB compared to faint membrane labeling in HCC, increased nuclear immunoreactivity to cMYC in mouse HB compared to HCC, multifocal nuclear expression of HNF4a in HCC and no observable expression in HB, and decreased nuclear expression of CYP2E1 in mouse HB compared to HCC.
Gene Expression of Mouse HB Is Highly Concordant with Early Mouse Embryonic Liver and Pluripotent Hepatic Stem Cells
NextBio meta-analysis software (Kupershmidt et al. 2010 ) was used to compare mouse HB and HCC to other mouse and human data sets in the literature in order to identify similarities in data sets based on the total number of shared genes, and the number of genes similarly changed based on directionality of fold change in both data sets. Meta-analysis showed that, in contrast to HCC, mouse HB is transcriptomically very similar to early (E10.5) embryonic mouse liver (Chaignat et al. 2011; Otu et al. 2007 ) and highly concordant with hepatocyte-derived pluripotent stem cells (Lee et al. 2012 ; Figure 7 ).
DISCUSSION
The primary objectives of the current study were to better understand the underlying molecular changes that characterize the relationship between HB and HCC in B6C3F1 mice, and how these changes relate to human HB in order to better understand the relevance of the mouse HB to human health in chemical hazard identification studies. Using global gene expression profiling and mutation analysis, we have shown that HB is markedly different and quite distinct from HCC in mice. First, mutation analysis of Ctnnb1 and Hras did not support a progression of HCC to HB through mutation conservation and therefore do not provide evidence of neoplastic progression. The somatic mutation theory suggests that cancer begins with Insulin-like growth factor 2 67 3.3 Peg1
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BHUSARI ET AL. TOXICOLOGIC PATHOLOGY a genetic change in a single cell that passes it on to its progeny, thereby generating a clone of malignant cells that accumulate further genetic changes in a stepwise manner (Berenblum and Shubik 1949) . As such, a mutation that occurs during the transformation of a precursor lesion or early tumor should remain fixed within the genome throughout the progression to later stages of malignancy or metastasis. Rather, the mutation spectra between these tumors were quite different, they did not share common mutations, with the exception of only one sample. These data are consistent with previous studies (Anna et al. 2000) , which show that the mutational spectrum is different in HB than that of HCC, suggesting that they may be distinct entities. In terms of global gene expression, it is quite remarkable to note that the distribution of samples observed on the PCA plot FIGURE 4.-Ingenuity pathway comparison analysis of differentially expressed genes in hepatoblastoma compared to hepatocellular carcinoma in bromodichloroacetic acid-exposed B6C3F1 mice, including (A) top biological functions, (B) cancer-associated pathways, and (C) stem cell and developmental pathways overrepresented in hepatoblastoma. Vol. 43, No. 8, 2015 TRANSCRIPTOMICS OF MOUSE HB AND HCC suggests that there was less variance between HCC and AN liver than the variance between HCC and HB. These findings strongly suggest that HB and HCC are distinct entities based on their global gene expression and mutation analysis. Overall, the marked differences in HB gene expression are consistent with the distinct primitive morphologic features of these tumors compared to HCC and shed light into possible origins of this tumor in the mouse.
In the current study, numerous pathways and their respective genes involved in both mouse and human embryonic stem cell pluripotency, embryonic development, and genomic imprinting were prominent in mouse HB but not significantly represented in mouse HCC (Cairo et al. 2008; Clevers 2006; Monga 2011) . Overrepresentation of genes from the hedgehog-signaling (Hh) pathway, including strong upregulation of Shh, its receptor patched 1, and the Hh ligand smoothened, was observed in HB and not HCC. This pathway is responsible for critical cell fate decisions including proliferation, apoptosis, migration, and differentiation (McMillan and Matsui 2012). It plays vital roles in tissue morphogenesis during fetal development including embryonic development of the liver and hepatic regeneration in the adult; constitutive activation of Hh signaling can lead to transformation of progenitor cells when continuously activated and lead to various cancers in humans (Beachy, Karhadkar, and Berman 2004; Omenetti et al. 2011) . Activation of the Hh pathway is also important in cancer stem cell regulation and enhanced tumor initiating and self-renewal potential (McMillan and Matsui 2012) , and overexpression of this pathway has been reported in about twothirds of human HB (Eichenmüller et al. 2009; Oue et al. 2010 ). Significant upregulation of genomic imprinting genes primarily expressed in fetal liver was observed in mouse HB from the current study; this upregulation is similar to that observed in human HB (Cairo et al. 2008; Tomlinson and Kappler 2012) . Genomic imprinting is an epigenetic mechanism in which individual alleles are silenced based on the parent of origin, and loss of imprinting is recognized in various childhood developmental disorders and in various cancers (Damaschke et al. 2013) .
Genes associated with Ctnnb1/Wnt signaling and normal hepatic function were significantly differentially altered in mouse HB in this study compared to HCC. The Wnt/Ctnnb1 pathway is a master regulator of cell fate and proliferation during embryonic development, and it is essential for stem cell maintenance in a wide variety of tissues (Clevers 2006; Haegebarth and Clevers 2009) . In this study, we observed dysregulation in a number of genes associated with a variety of Wnt/ Ctnnb1 functions, including feedback regulation, positive effectors, antagonists of the Wnt pathway, and target genes in carcinogenesis. Many of these genes expressed at high levels in HB tumors are targets of Lef1, a known Wnt/Ctnnb1 pathway transcription factor. Dysregulation of the Wnt/Ctnnb1/ Lef1 pathway has also been observed in human cancer and plays an important role in cancer stem cell biology (Polyak and Weinberg 2009) , including maintenance of self-renewal and differentiation of cancer stem cells (Bisson and Prowse 2009) . In this study, IHC for CTNNB1 showed strong nuclear and cytoplasmic immunoreactivity in mouse HB compared to faint membrane labeling in HCC. CTNNB1 is very often overexpressed in HB, and translocation from the cell membrane to the cytoplasm and nucleus is commonly observed, in contrast to membrane staining in HCC (Anna et al. 2000) . A number of downstream oncogene targets of the Wnt pathway associated with human HB were also altered in this study (cMyc and FIGURE 5.-Quantitative polymerase chain reaction validation of microarray targets involved in (A) genomic imprinting, Wnt/Ctnnb1 pathway, and hepatic function and (B) stem cell genes in hepatoblastoma and hepatocellular carcinoma from bromodichloroacetic acid-exposed B6C3F1 mice.
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BHUSARI ET AL. TOXICOLOGIC PATHOLOGY Ccnd1). cMyc was overexpressed in HB compared to HCC on microarray and qPCR, and IHC for cMYC showed increased nuclear expression in HB compared to HCC. Others have shown that MYC oncogene overexpression is often associated with excessive CTNNB1/WNT signaling in human HB and is also associated with aggressive and poorly differentiated HB in humans (Cairo et al. 2008; Takayasu et al. 2001 ). Finally, a number of genes associated with normal mature hepatocyte metabolism and function were significantly downregulated in HB compared to HCC on microarray and qPCR in this study. HNF4a, which is necessary for epithelial transformation of progenitor cells in the fetal liver and has an important role in maintaining mature hepatocyte function (Si-Tayeb, Lemaigre, and Duncan 2010), was significantly downregulated in HB on microarray and qPCR analysis compared to HCC. Consistent with this, there was multifocal nuclear expression of HNF4a in HCC by IHC and no observable expression in HB. This would suggest a more primitive, fetal phenotype of HB cells lacking mature hepatocyte function, which is consistent with the morphologic and transcriptomic phenotype of HB in this study. Similarly, CYP2E1 expression was decreased in HB compared to HCC by microarray analysis, qPCR, and IHC. CYP2E1 plays an important role in detoxification in the mature liver, and loss or downregulation of this protein would suggest a phenotype lacking in adult hepatic detoxification systems such as is observed in fetal liver. In fact, the expression of CYP2E1 has FIGURE 6.-Immunohistochemistry validation of microarray targets differentially expressed between hepatoblastoma (HB) and hepatocellular carcinoma (HCC). (A) Diffuse cytoplasmic and membrane immunoreactivity to CTNNB1 antibody in HB (arrowheads) compared to mild membrane staining in adjacent HCC (asterisk) (anti-CTNNB1 antibody, hematoxylin counterstain, original objective used 40Â). (B) Diffuse nuclear immunoreactivity to cMYC antibody in HB (arrowheads) compared to multifocal nuclear immunoreactivity in adjacent HCC (asterisk) (anti-cMYC antibody, hematoxylin counterstain, original objective used 20Â). (C) Negative immunoreactivity to HNF4A antibody in HB (arrowheads) compared to strong and diffuse nuclear immunoreactivity in adjacent HCC (asterisk) (anti-HNF4A antibody, hematoxylin counterstain, original objective used 40Â). (D) Moderate to strong cytoplasmic immunoreactivity to CYP2E in HCC (arrowheads) compared to weak cytoplasmic labeling in adjacent HB (asterisk) (anti-CYP2E antibody, hematoxylin counterstain, original objective 20Â). Vol. 43, No. 8, 2015 TRANSCRIPTOMICS OF MOUSE HB AND HCC 1123 been shown in both human and mouse fetal liver to be decreased compared to that of adult liver (Choudhary et al. 2005) . Meta-analysis of mouse HB indicated that the key processes of embryonic development and stem/multipotent cell regulatory pathways as the major characteristics of these tumors. There was significantly higher concondance not only with mouse embryonic liver but also with hepatic pleuripotent stem cell biosets in HB, compared to mouse HCC. This supports an embryonic phenotype of HB tumors as seen histologically and further indicates that these are distinct tumors likely arising from a primordial hepatic precursor cell. Although there are several differences between human and mouse HB, our results suggest that mouse and human HB share some important similiarities in their molecular landscape, and therefore mouse HB is a relevant lesion in toxicology and carcinogenicity bioassays and is an important indicator of potential cancer risk in hazard identification studies. Due to its marked genomic and phenotypic differences, this tumor may be considered a distinct entity from HCC.
CONCLUSIONS
Our data show that mouse HBs are profoundly different from HCC in terms of their global gene expression and mutation spectra. In addition, mouse and human HB share significant similarities in the global gene expression, including FIGURE 7.-NextBio meta-analysis comparing hepatoblastoma (HB) and hepatocellular carcinoma (HCC) in bromodichloroacetic acid (BDCA)exposed B6C3F1 mice with mouse embryonic liver (E10.5, top) and hepatocyte-derived pluripotent stem cells (bottom). There is a higher degree of concordance between HB in BDCA-exposed mice and mouse embryonic liver (3,830 total shared genes and p ¼ 9.4E-183) with 1,972 concordant upregulated (p ¼ 1.8E-59) and downregulated genes (p ¼ 4.2E-306), compared to HCC, which shared 694 total genes with mouse embryonic liver (p ¼ 9.6E-37), with only 294 concordant upregulated (p ¼ 5.6E-20) and 288 concordant downregulated genes (p ¼ 2.8E-54). Similarly, there is increased concordance between mouse HB and hepatocyte-derived pluripotent stem cells, with 5,223 total shared genes (p ¼ 7.3E-130), 1,790 of which were upregulated (p ¼ 2.1E-21) and 2,466 of which were downregulated (p ¼ 2.6E-238). In contrast, comparison of mouse HCC with this bioset showed 1,226 shared genes (p ¼ 8.3E-29) and only 399 concordant upregulated (p ¼ 1.4E-11) and 582 concordant downregulated genes (p ¼ 2.1E-46). 1124 BHUSARI ET AL. TOXICOLOGIC PATHOLOGY dysregulation of embryonic developmental pathways, embryonic/stem cell pluripotency pathways, and genomic imprinting. In addition, meta-analysis supports that mouse HB is highly concordant with mouse embryonic liver and hepatic pluripotent stem cells. These findings suggest that HB and HCC are very distinct and separate entities, although possibly arising from a common hepatic stem or progenitor cell. It is possible that the development of HB may require a particular microenvironment which is provided by an adjacent HCC, including one with increased genomic instability. Further studies with greater sample sizes from several bioassays as well as spontaneously occurring tumors would be warranted for further understanding of these molecular changes. Additionally, since each tumor was sampled as a whole, factors such as tumor heterogeneity may possibly have played a role in these results. Future studies sampling multiple sites within each tumor may provide more information about variable mutation spectra and differential gene expression between HB and adjacent HCC. Using newer technologies, such as exome sequencing at high read depths may provide more evidence on the conservation of mutations between HB and HCC, and cell lineage tracing experiments may provide more definitive evidence on the origin of HB.
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